Context: Ghrelin is a peptide secreted mainly by the stomach, which has the ability to stimulate appetite and food intake. Serum ghrelin concentration decreases rapidly after a meal, probably because of the concurrent increase in serum insulin. Anorexia nervosa (AN) is an eating disorder, which is characterized by high serum ghrelin concentration; however, the regulation of circulating ghrelin by insulin in this disorder remains unclear. Objective: To estimate serum ghrelin concentration in the fasting state and after hyperinsulinemia in women with AN. Design and participants: We examined 19 women with AN, 26 lean healthy women, and 25 women who were overweight or obese. Serum ghrelin concentration was measured in the fasting state and after euglycemic hyperinsulinemic clamp. Results: Insulin sensitivity was similar in AN and normal-weight women, and was markedly decreased in the obese subjects. In the fasting state, serum ghrelin was higher in AN group than in other groups (normal-weight, PZ0.017; obese, PZ0.0001) and in normal-weight women than in obese women (PZ0.044). Hyperinsulinemia resulted in a marked decrease in serum ghrelin in AN (P!0.0001) and normal-weight women (PZ0.002). The fall in serum ghrelin was higher in AN group than in other groups (normal-weight, PZ0.0008; obese, PZ0.0001), and was related to insulin sensitivity (rZ0.24, P!0.05). In multiple regression analysis, only fasting serum ghrelin and the presence of AN were independent predictors of this fall. Conclusions: Women with AN have an increased suppression of serum ghrelin by hyperinsulinemia. This phenomenon might lead to an increased and more rapid feeling of satiety in AN.
Introduction
Ghrelin, a 28-amino acid peptide, was discovered as the endogenous ligand for the GH secretagogue-receptor (1) . The stomach is the primary source of circulating ghrelin, but it is also produced in small amounts by the central nervous system and other peripheral tissues (1) .
Ghrelin is a stimulator of GH release, but the major physiological role of ghrelin appears to be the control of food intake and energy homeostasis (2) . Its orexigenic effects seem to be mediated through the activation of neuropeptide Y and agouti gene-related protein neurons in the hypothalamic arcuate nucleus and also neurons expressing orexin in the lateral hypothalamic area (2) . Circulating levels of ghrelin decrease with feeding and increase before meals. Ghrelin peaks before meals, suggesting its role in short-term meal initiation. Ghrelin is also involved in the long-term regulation of body weight. Its concentrations depend on energy stores and manifest compensatory changes in response to body weight alterations (3) . Indeed, plasma ghrelin concentration is low in obese people and high in lean people (4) . Related to this, plasma ghrelin levels are highly increased in anorexia nervosa (AN) patients and return to normal after weight gain (5) .
It has been hypothesized that insulin could be a physiological modulator of plasma ghrelin concentration. The low fasting plasma insulin could lead to an increase in ghrelin, while postprandial insulin release would suppress plasma ghrelin concentration (6) . Insulin is probably essential for postprandial regulation of plasma ghrelin concentrations, and thus it might have an impact on modulating the feeling of hunger and satiety.
AN is an eating disorder characterized by decreased caloric intake, chronically low weight, disturbed body image, and pervasive fear of fatness (7) . Regulation of circulating ghrelin by insulin in anorectic subjects remains unclear. Therefore, in the present study we aimed to estimate serum ghrelin concentration in the fasting state and after hyperinsulinemia in women with AN. (8) , and were recruited from the Department of Endocrinology, Diabetology and Internal Medicine, Medical University of Bialystok and from the Psychosomatic Clinic of Medical University of Bialystok. The mean duration of the disease was 16.8G11.6 (range 6-36) months. All anorectic women without a history of weight regain had been weight stable for at least 1 month before the study. Women who were obese and control subjects were recruited from the outpatient clinic of our department, from the collaborating primary care practice, and from the medical staff and students. All subjects were nonsmokers, without serious diseases (other than AN) and morbid obesity, and were not taking any drugs. Before entering the study, physical examination and appropriate laboratory tests were performed. Analyses were performed after an overnight fast. All subjects underwent an oral glucose tolerance test (OGTT), and all had normal glucose tolerance according to WHO criteria. The study protocol was approved by the ethics committee of the Medical University of Bialystok. All the subjects gave written informed consent before entering the study.
Subjects and methods

Participants
Anthropometry
Anthropometric parameters were measured in all subjects. The BMI was calculated as body weight !height K2 , and is expressed in kg/m 2 . The waist circumference was measured at the smallest circumference between the rib cage and the iliac crest, with the subject in the standing position. The percent of body fat was assessed by bioelectric impedance analysis using the Tanita TBF-511 Body Fat Analyzer (Tanita Corp., Tokyo, Japan) as described previously (9) .
Insulin sensitivity
Insulin sensitivity was evaluated by the euglycemic hyperinsulinemic clamp technique according to DeFronzo et al. (10) as described previously (11) . The whole-body glucose uptake (M value) was calculated as the mean glucose infusion rate from 80 to 120 min, which was corrected for glucose space and normalized per kilogram of fat-free mass (ffm).
Laboratory analyses
Serum ghrelin concentration was measured before and after the clamp. Plasma glucose, serum insulin, and lipids were analyzed as described previously (11) .
Before the estimation of the concentrations of ghrelin and insulin, the samples were kept frozen at K80 8C. The concentration of serum total ghrelin was measured using the RIA method (Linco Research, St Charles, MI, USA) with sensitivity of 93 pg/ml and with intra-assay and inter-assay coefficient of variation values below 10.0 and 14.7% respectively.
Statistical analysis
The statistics were performed with the STATISTICA 8.0 (Statsoft, Krakow, Poland). The variables that did not have normal distribution (fasting and postload insulin, triglycerides, and serum ghrelin) were log-transformed before analyses. For the purpose of the data presentation, these variables were again antilog-transformed to absolute values in the Results section. To estimate the differences between the groups, one-way ANOVA with post-hoc Tukey's test was performed. To assess the differences in serum ghrelin before and after the clamp, paired Student's t-test was used. Relationships between variables were analyzed with the Pearson productmoment correlation analysis and with the multiple regression analysis. The level of significance was accepted at a P value that was lower than 0.05.
Results
Clinical characteristics of the studied groups are given in Table 1 . Insulin sensitivity was not different between AN and normal-weight women, whereas it was markedly lower in obese women than in the abovementioned groups (AN, PZ0.002; normal-weight, PZ0.001). Steady-state serum insulin levels tended to be higher in the obese group; however, this difference did not reach statistical significance (AN, 99.37 G37.30; normal-weight, 107.75G26.68; obese, 134.33G56.19 mIU/ml).
Fasting and post-clamp serum ghrelin concentrations are shown in Fig. 1 . In the fasting state, serum ghrelin was higher in AN women than in other groups (normal-weight, PZ0.017; obese, PZ0.0001) and in normal-weight women than in the obese women (PZ0.044). Hyperinsulinemia resulted in a marked decrease in serum ghrelin in AN (P!0.0001) and normal-weight women (PZ0.002), but not in the obese group (PZ0.57). The fall in serum ghrelin was significantly higher in the AN group than in other groups (normal-weight, PZ0.0008; obese, PZ0.0001). Use of the percent ghrelin change from the initial value instead of the absolute change gave essentially the same results. Post-clamp serum ghrelin was not different among the groups.
In the entire study population, fasting serum ghrelin was inversely related to BMI, waist circumference, percentage body fat, and fasting and postload glucose and insulin (all P!0.005), and it was positively related to insulin sensitivity (rZ0.32, PZ0.007). All these associations (except fasting glucose) were also present in the obese group. The fall in serum ghrelin during the clamp was inversely associated with BMI, waist, percentage body fat, and fasting and postload glucose and insulin (all P!0.05), and it was positively associated with insulin sensitivity (rZ0.24, PZ0.049) and baseline serum ghrelin (rZ0.76, P!0.0001) in the entire cohort. The correlation of the fall in serum ghrelin with its baseline values was also present in AN (rZ0.73, PZ0.001) and normal-weight women (rZ0.81, P!0.001).
In the multiple regression analysis, the presence of AN (bZ0.46, PZ0.008) and baseline serum ghrelin (bZ0.67, P!0.0001) determined the fall in serum ghrelin during the clamp independently of each other, and independently of age, BMI, and insulin sensitivity.
Discussion
The main finding of our study is the presence of an increased suppression of serum ghrelin by hyperinsulinemia in women with AN.
We reported the highest fasting serum ghrelin levels in patients with AN and the lowest in the obese group. These data are consistent with the findings of previous studies (4, 5) . It was reported that low plasma ghrelin levels are independently associated with fasting insulin levels and insulin resistance in humans (12). Misra et al. discovered that insulin resistance remained the sole significant predictor of circulating ghrelin concentration (13) . We report significant positive correlation between fasting ghrelin and insulin sensitivity. In the present study, the inverse relationship between fasting insulin and ghrelin was also observed. The normal insulin sensitivity and the concurrent lower fasting insulin levels in patients with AN might lead to increased ghrelin concentrations. The progressive decline in circulating insulin would favor ghrelin production in AN.
Nutritional factors seem to play an important role in modulating ghrelin secretion. Fasting ghrelin levels decreased by meal intake (14) and oral or i.v. administration of glucose but not by gastric distension by water (4). The postprandial ghrelin suppression could influence satiety perception and have an impact on modulating feeding behavior. Insulin could mediate the effect of nutrition on postprandial regulation of plasma ghrelin concentrations (15) . In humans, during a euglycemic hyperinsulinemic clamp, circulating insulin levels similar to or higher than those occurring after meal ingestion have been reported to suppress plasma ghrelin concentrations (6) , and also its acylated form (16) , which accounts for w10% of total ghrelin and contains an n-octanoylated serine 3 (Ser-3) residue that is essential for its orexigenic and GH-releasing action (1). Our results demonstrate for the first time an increased suppression of serum ghrelin by hyperinsulinemia in women with AN. We observed a marked decrease in serum ghrelin in AN subjects and normalweight women, but the fall in serum ghrelin was significantly higher in AN subjects than in normalweight and obese subjects, although steady-state insulin concentrations were not significantly different among the studied groups. Furthermore, there were no significant differences in insulin sensitivity between AN subjects and controls. In multiple regression analysis, only fasting serum ghrelin and the presence of AN, but not insulin sensitivity, were independent predictors of the fall in serum ghrelin during the clamp. These data suggest that this effect might be specific for AN; however, its mechanism remains unclear. Increased suppression of serum ghrelin by insulin might lead to an increased and more rapid feeling of satiety in AN women. On the other hand, reduced food intake in AN despite chronically increased fasting ghrelin levels could reflect a decreased sensitivity to the effect of ghrelin on hunger (13).
Nakai et al. reported that short-term secretory regulation of ghrelin during OGTT in patients with AN was similar to that in normal controls, despite the higher plasma levels of ghrelin in these patients than in controls (17) . On the other hand, the loss of mealinduced decrease in plasma ghrelin levels was observed in AN, suggesting an impaired suppression of hunger in this disease (18) . Furthermore, some other authors suggested inadequate suppression of ghrelin secretion with oral glucose in anorectic subjects (19) . In this study, ghrelin values did decrease in AN subjects after glucose administration, but remained significantly higher in AN subjects than in controls, while the extent of ghrelin suppression in AN subjects did not differ from that in controls. The difference between our results and other studies might come from different experimental conditions, differences in subjects' characteristics (for instance, adolescent girls in one study) (19) , and low number of subjects recruited (five AN women in two studies) (17, 18) .
We showed the lack of ghrelin suppression after the clamp in the obese group. These data are similar to previous findings (20, 21) on impaired postprandial ghrelin suppression in obesity, which could influence decreased satiety perception and may contribute to resistance to weight loss in obese patients (21) .
In conclusion, women with AN have an increased suppression of serum ghrelin by hyperinsulinemia. This phenomenon might lead to an increased and more rapid feeling of satiety in AN women.
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